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Abstract
New design guidelines were developed from a comprehensive site characterization research program 
for the Missouri Department of Transportation (USA) as “state specific” load and resistance factor 
design specifications. The new guidelines include resistance factors calibrated as a function of the 
variability and uncertainty in design parameters to provide designers with explicit means to quantify the 
potential value of site characterization activities and make more rational decisions regarding the type 
and scope of site characterization activities.  The paper introduces procedures for developing the 
resistance factors and demonstrates the usefulness of the calibrated resistance factors. Simulations were 
performed to mimic designs using different quantities of measurements from “state of the art” site 
investigations at rock and soil sites with high and low site variability, respectively. The results show that 
the percentage of designs achieving the target reliability steadily increases with more measurements. 
The percentage of under reliable cases is practically independent of the number of measurements and 
the design models used. The percentage of designs achieving the target reliability is greater for the rock 
site when adopting the calibrated resistance factors. Generally, the percentage of designs achieving 
target reliability heavily depends on the quantity of measurements acquired from site characterization
and the site variability.
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1 Introduction
Resistance factors are usually adopted for design to account for variability and uncertainty in the 
resistance component. Many design specifications, such as the national code developed by the American 
Association of State Highway and Transportation Officials in USA (AASHTO, 2012), adopt constant 
resistance factors that collectively address variability and uncertainty in design input parameters, 
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variability and uncertainty in design models, and variability and uncertainty attributed to construction. 
Designs developed using such constant resistance factors may not achieve consistent levels of reliability 
or may be excessively costly (Loehr et al., 2015; Ching et al., 2012). Use of constant resistance factors 
practically precludes the potential to achieve consistent reliability because it restricts means to 
effectively account for differences in the variability and uncertainty of geotechnical design parameters 
across a broad range of sites and projects.  Use of constant resistance factors also diminishes the apparent 
value of site characterization activities that might be used to reduce uncertainty in geotechnical design 
parameters.  The reliability of designs is largely dependent on the variability and uncertainty in design 
parameters, which in turn, is heavily influenced by site variability and the quantity and quality of site 
characterization activities. Therefore, several LRFD design methods adopt resistance factors that depend 
on the variability and uncertainty in geotechnical design parameters (Phoon et al., 2000; Fenton et al.,
2008; Loehr et al., 2013).
A comprehensive research program was recently completed to develop “state specific” load and 
resistance factor design (LRFD) guidelines (MoDOT, 2011) that represent an improvement over current 
AASHTO LRFD design specifications. The state design guidelines were developed to provide 
procedures that more precisely and consistently achieve target reliability in design by implementing 
resistance factors that depend on the variability and uncertainty in design parameters. The procedures 
for calibrating resistance factors as a function of the variability and uncertainty in design parameters for 
spread footings on rock and soils at different target probabilities of failure is introduced, followed by 
analyses to illustrate the effectiveness of using those calibrated resistance factors for design at sites with 
different site variability and with different quantities of measurements.
2 Calibration of Resistance Factors for Spread Footing Design
Resistance factors were calibrated for design of spread footings under ߶ ൌ Ͳ conditions at the
strength limit state. The load and resistance factor design criterion can be written such that the factored 
bearing resistance equals or exceeds the factored loads:
߮ ή ܴ௡ ή ܣ ൒ ߛ ή ܳ௡ (1)
where ߮ is the resistance factor, ܴ௡ is the nominal unit bearing resistance, and ܣ is the footing area.  The 
factored load, ߛ ή ܳ௡, for the appropriate strength limit state is taken to be a combination of dead and 
live loads:
ߛ ή ܳ௡ ൌ ߛ஽௅ ή ܳ஽௅ ൅ ߛ௅௅ ή ܳ௅௅ (2)
where, ߛ஽௅ is a load factor for dead load, ܳ஽௅ is the nominal dead load, ߛ௅௅ is a load factor for live load, 
and ܳ௅௅ is the nominal live load. Values for load factors were taken as ߛ஽௅ ൌ ͳǤʹͷ and ߛ௅௅ ൌ ͳǤ͹ͷ
(AASHTO, 2012). The dead and live load components were assumed to follow normal distributions 
with representative mean values (ߤ஽௅ and ߤ௅௅ ) and coefficient of variation (ܥ ஽ܸ௅ and ܥ ௅ܸ௅ ) values 
(Kulicki et al., 2007):
ܳ஽௅̱ሺߤ஽௅ ൌ ͶǤͷܯܰǡ ܥ ஽ܸ௅ ൌ ͲǤͳʹሻ (3)
ܳ௅௅̱ሺߤ௅௅ ൌ ʹǤʹܯܰǡ ܥ ௅ܸ௅ ൌ ͲǤͳͲሻ (4)
Resistance factors were calibrated for spread footing designs to achieve target reliabilities 
established by the Missouri Department of Transportation for structures located on different classes of 
roadways (Huaco et al., 2012). The different classes of roadways/bridges considered include bridges on 
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minor roads, bridges on major roads, major bridges costing less than $100 million, and major bridges 
costing greater than $100 million. Target probabilities of failure, ݌் , for these four classes of 
roadway/bridges are 1/300, 1/1500, 1/5000, and 1/10000, respectively. 
To calibrate resistance factors that depend on the variability and uncertainty in design parameters, 
footing areas were sized to satisfy the condition that the probability of the nominal load exceeding the
nominal resistance is equal to the target probability of failure, ݌்:
݌ሺܳ஽௅ ൅ ܳ௅௅ ൒ ܴ௡ ή ܣሻ ൌ ݌் (5)
Thus, resistance factors can be calculated using the sized footing area:
߮ ൌ ఊವಽήఓವಽାఊಽಽήఓಽಽ
ோ೙ή஺
(6)
2.1 Spread Footings on Cohesive Soils
The nominal bearing resistance for spread footings on cohesive soils was calculated as a function of 
the mean undrained shear strength:
ܴ௡ ൌ ݏҧ௨ ή ௖ܰ (7)
where, ݏҧ௨ is the mean undrained shear strength of the soil and ௖ܰ is the bearing capacity factor.  The 
value for ݏҧ௨ is assumed to follow lognormal distribution with a representative value for cohesive soil 
and coefficient of variation, CV, varying from zero to one.  The value for ௖ܰ is assumed to be normally 
distributed with a mean value of 6 and CV of 0.12 to account for the uncertainty in design model 
(Meyerhof, 1951; Skempton, 1951; Griffith and Fenton, 2001):
ݏҧ௨̱ሺߤ௦ೠǡ ܥ ௦ܸೠሻ (8)
௖̱ܰሺߤே೎ ൌ ͸ǡ ܥ ேܸ೎ ൌ ͲǤͳʹሻ (9)
Monte Carlo analyses were performed for 
100,000 simulations to find the footing area 
satisfying Eq. (5) and resistance factors were 
calculated using Eq.(6). Resistance factors 
were then plotted as a function of the 
variability and uncertainty in the soil 
undrained shear strength, ܥ ௦ܸೠ , for different 
target probabilities of failure as shown in 
Figure 1. The downward trending shows that 
a smaller resistance factor is required to 
achieve the target probability of failure when 
greater uncertainty exists in soil undrained 
shear strength. Furthermore, a smaller 
resistance factor is needed when designing
spread footings for a smaller target 
probability of failure. Figure 1: Resistance factors for spread footings on soils
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2.2 Spread Footings on Rock
The nominal bearing resistance for spread footings on rock was calculated as a function of the mean 
uniaxial compressive strength of the intact rock according to (Wyllie, 1999):
ܴ௡ ൌ ܥ௙ଵ ή ξݏ ή ݍത௨ ή ൤ͳ ൅ ට
௠
ξ௦
൅ ͳ൨ (10)
where, ܥ௙ଵ is a correction factor to account for footing shape (1.25 for square footings), ݍത௨ is the mean 
value of the uniaxial compressive strength of intact rock core and s and m are empirical constants 
describing the rock mass strength. ݍത௨ is assumed to be lognormally distributed with a representative 
mean value and CV was assumed to vary from zero to one while s and m are assumed to be lognormally 
distributed to account for variability in rock types:
ݍത௨̱ܮ݋݃݊݋ݎ݈݉ܽሺߤ௤ೠǡ ܥ ௤ܸೠሻ (11)
ݏ̱ܮ݋݃݊݋ݎ݈݉ܽሺߤ௦ ൌ ͲǤͲͶͳǡ ܥ ௦ܸ ൌ ͲǤͶͷሻ (12)
̱݉ܮ݋݃݊݋ݎ݈݉ܽሺߤ௠ ൌ ͳǤͷͷǡ ܥ ௠ܸ ൌ ͲǤ͸͸ሻ (13)
Monte Carlo analyses were performed for 100,000 simulations to find the footing area satisfying Eq. 
(5) and resistance factors were calculated using Eq.(6). Resistance factors were then plotted as a function 
of the uncertainty in uniaxial compressive 
strength, ܥ ௤ܸೠ , for target probabilities of 
failure as shown in Figure 2. Generally, 
smaller resistance factors are needed to 
achieve the target probability of failure for 
greater uncertainties in rock uniaxial 
compressive strength and a smaller resistance 
factor is required for a smaller target 
probability of failure. 
If the uncertainty in the design parameters, 
undrained shear strength for cohesive soil and 
uniaxial compressive strength for rock, is 
precisely known, the resistance factors in Figs 
1 and 2 will produce designs that achieve the 
target probability of failure with a high degree 
of precision. The accuracy with which the 
target probability of failure is achieved for a 
specific design is therefore largely dependent 
on how accurately the value and uncertainty 
in design parameters are known through site 
characterization activities. 
3 Spread Footing Designs Using Calibrated Resistance Factors
The objectives for developing such resistance factors are to improve the efficiency of geotechnical 
designs by more precisely and consistently achieving target probabilities of failure and to provide means 
Figure 2: Resistance factors for spread footings on rock
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to practically quantify the potential value of additional site characterization during design, which can 
improve design decisions and help convince owners/clients of the value of additional characterization. 
Thus, a spread footing was designed at 2 m depth for cohesive soil and rock sites with different site 
variabilities to evaluate the effectiveness of the calibrated resistance factors.  Since ݌் has negligible 
effect on results when using the calibrated resistance factors (Ding, 2014), spread footings were 
designed to achieve a target probability of failure of 1/1500 for bridges on major roads.
3.1 Spread Footings on Cohesive Soils
Two cohesive soil sites, a less variable 
site with ܥ ௦ܸ௜௧௘ ൌ ͲǤͳ and a more variable 
site with ܥ ௦ܸ௜௧௘ ൌ ͲǤͷ, were simulated with 
undrained shear strengths (ݏ௨) that follow a
lognormal distribution with depth. The 
variability of undrained shear strength for 
most soil sites falls within coefficients of 
variation of 0.1-0.5 (Phoon and Kulhawy,
1999).  A total number of 5000 ݏ௨
measurements were generated with depths 
ranging from the ground surface to 10 m as 
shown in Fig 3. The mean ( ߤ௦ೠ ) and 
coefficient of variation (ܥ ௦ܸೠ) of ݏ௨ values 
calculated from the entire population of 
measurements were considered to be the 
“true” soil properties for each site.
A smaller number of measurements (n=3-50) were randomly subsampled 10,000 times from the 
entire population of measurements to mimic different scales and possible outcomes of site investigation 
efforts. The mean ( ߤ௦ೠ) and coefficient of variation (ܥ ௦ܸೠ) values of ݏ௨ were calculated from selected 
subsamples. The corresponding resistance factor was selected from Fig 1 using the calculated value of
ܥ ௦ܸೠ . Thus, a spread footing was sized by:
ܣ ൌ ఊವಽήఓವಽାఊಽಽήఓಽಽ
ఝήఓೞೠήఓಿ೎
(14)
The probability of failure was then computed using the sized footing area, A, and true soil properties for 
designs at a depth of 2m:
݌௙ ൌ ݌ሺܳ஽௅ ൅ ܳ௅௅ ൒ ݏ௨ ή ௖ܰ ή ܣሻ (15)
To evaluate the relative ability of the simulated designs to achieve the target probability of failure 
for different numbers of measurements, the computed ݌௙ for each design was assigned to one of three 
ranges. Designs producing probabilities of failure within 50% of the respective target value (ͲǤͷ ή ݌் ൏
݌௙ ൏ ͳǤͷ ή ݌்) were considered to be satisfactory. Designs producing probabilities of failure that were 
more than 50% greater than the target (݌௙ ൒ ͳǤͷ ή ݌்) were deemed to be under reliable, and designs 
producing probabilities of failure less than 50% of the target (݌௙ ൑ ͲǤͷ ή ݌்) were deemed to be over
reliable. The percentage of all 10,000 computed cases falling within each range was quantified to reflect 
the effectiveness of designs established using different numbers of measurements. Figures 4 shows the 
percentage of cases within each category plotted versus the number of measurements considered for 
each of the simulated designs.
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Figure 3: Simulated soil sites: (a) less variable site with
ܥ ௦ܸ௜௧௘ ൌ ͲǤͳ, and, (b) more variable site with ܥ ௦ܸ௜௧௘ ൌ ͲǤͷ.
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As shown in Fig 4, the percentage of 
satisfactory cases steadily increases with the 
number of measurements, especially at the less 
variable site. The percentage of under reliable
cases decreases when the number of 
measurements increases from three to five and 
remains relatively consistent with increasing
numbers of measurements. The percentage of 
over reliable cases decreases with the number of 
measurements. Much greater numbers of
measurements are required to achieve the same 
percentage of satisfactory cases for the more 
variable site compared to the less variable site.  
The results also show that designs using 
calibrated resistance factors are more likely to 
produce over reliable designs, which is 
preferred over having under reliable cases. With 
limited site investigation effort (݊ ൑ ͷ), there 
are about 20% under reliable cases. More 
designs will satisfy the design criteria when 
increasing the site investigation effort;
however, conducting more site investigation is 
more effective for the less variable site than the
more variable site.  
3.2 Spread Footings on Rock
To be consistent with the soil sites, two rock 
sites were simulated for site variability of 
ܥ ௦ܸ௜௧௘ ൌ ͲǤͳ and ܥ ௦ܸ௜௧௘ ൌ ͲǤͷ with uniaxial 
compressive strength (ݍ௨) following a lognormal 
distribution with depth. A total number of 5000 
ݍ௨ measurements were generated with depth 
ranging from ground to 10 m as shown in Fig 5.
The mean (ߤ௤ೠ) and coefficient of variation (ܥ ௤ܸೠ)
of ݍ௨ were calculated from the entire population 
of measurements and were regarded as the “true” 
soil properties for the rock sites.
A smaller number of measurements were 
randomly selected 10,000 times from the entire 
population with n ranging from three to fifty. The 
mean and CV values of ݍ௨ were calculated from 
the subsamples and corresponding resistance 
factors were selected from Fig. 2 using the ܥ ௤ܸೠ
calculated from the individual subsamples. Thus, 
the spread footing was sized using:
ܣ ൌ ఊವಽήఓವಽାఊಽಽήఓಽಽ
ఝήఓ೜ೠή஼೑భήඥఓೞήቈଵାට
ഋ೘
ඥഋೞ
ାଵ቉
(16)
(a)
(b)
Figure 4: Percentage of cases in soil for: (a) less 
variable site with ܥ ௦ܸ௜௧௘ ൌ ͲǤͳ, and, (b) more variable 
site with ܥ ௦ܸ௜௧௘ ൌ ͲǤͷ.
0
20
40
60
80
100
0 5 10 15 20 25 30 35 40 45 50 55
Pe
rc
en
ta
ge
 o
f c
as
es
 (%
)
Number of measurements, n
Satisfactory
Under reliable
Over reliable
0
20
40
60
80
100
0 5 10 15 20 25 30 35 40 45 50 55
Pe
rc
en
ta
ge
 o
f c
as
es
 (%
)
Number of measurements, n
Satisfactory
Under reliable
Over reliable
(a) (b)
0
1
2
3
4
5
6
7
8
9
10
0 25 50
D
ep
th
 (m
)
qu (MPa)
CVsite = 0.1 
0
1
2
3
4
5
6
7
8
9
10
0 25 50
D
ep
th
 (m
)
qu (MPa)
CVsite = 0.5 
Figure 5: Simulated rock sites: (a) less variable site with
ܥ ௦ܸ௜௧௘ ൌ ͲǤͳ, and, (b) more variable site with ܥ ௦ܸ௜௧௘ ൌ
ͲǤͷ.
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The probability of failure was then calculated as:
݌௙ ൌ ݌ሺܳܮ ൅ ܮܮ ൒ ܥ௙ଵ ή ݍ௨ ή ܣ ή ξݏ ή ൤ͳ ൅ ට
௠
ξ௦
൅ ͳ൨ (17)
The same three ranges were used to categorize each simulated design to evaluate how the designs
achieve the target reliability. Designs producing probabilities of failure within 50% of the respective 
target value ( ͲǤͷ ή ݌் ൏ ݌௙ ൏ ͳǤͷ ή ݌் ) were considered to be satisfactory. Designs producing 
probabilities of failure that were more than 50% greater than the target (݌௙ ൒ ͳǤͷ ή ݌்) were deemed to 
be under reliable, and designs producing probabilities of failure less than 50% of the target (݌௙ ൑ ͲǤͷ ή
݌் ) were deemed to be over reliable. The 
percentage of all 10,000 computed cases falling 
within each range was quantified to reflect the 
effectiveness of designs established using 
different numbers of measurements. The 
percentage of cases within each category is
plotted versus the number of measurements in 
Fig 6.
The percentage of under reliable cases is 
practically independent of the number of 
measurements. The percentage of satisfactory 
cases steadily increases and the percentage of 
over reliable cases steadily decreases with the 
number of measurements. For the more variable 
site, greater numbers of measurements are 
needed to obtain the same percentage of 
satisfactory cases observed for the less variable 
site. The percentages of under reliable designs 
are similar for spread footing designs for the rock 
site and soil site with similar site variability.
With similar numbers of measurements (ݏ௨ at the 
soil site and ݍ௨ at the rock site), greater numbers 
of satisfactory designs and fewer over reliable 
designs were observed for the rock site when 
adopting the calibrated resistance factors for the 
same target probabilities of failure. 
4 Conclusions
Calibrated resistance factors that consider the uncertainty in soil design parameters have been 
successfully applied in practice by the Missouri Department of Transportation for design and 
construction. Procedures for calibrating resistance factors can be also used to develop resistance factors 
for designs at service limit state, for different design models, and for different foundation types, etc. The 
outcomes of using the calibrated resistance factors are:
x The percentage of under reliable cases is practically independent of the number of 
measurements.
x The percentage of satisfactory cases steadily increases with the number of measurements.
x More site investigation effort (more measurements) is required to achieve certain levels of 
(a)
(b)
Figure 6: Percentage of cases in rock for: (a) less 
variable site with ܥ ௦ܸ௜௧௘ ൌ ͲǤͳ, and, (b) more variable 
site with ܥ ௦ܸ௜௧௘ ൌ ͲǤͷ.
0
20
40
60
80
100
0 5 10 15 20 25 30 35 40 45 50 55
Pe
rc
en
ta
ge
 o
f c
as
es
 (%
)
Number of measurements, n
Satisfactory
Under reliable
Over reliable
Rock site 
=0.1
0
20
40
60
80
100
0 5 10 15 20 25 30 35 40 45 50 55
Pe
rc
en
ta
ge
 o
f c
as
es
 (%
)
Number of measurements, n
Satisfactory
Under reliable
Over reliable
Rock site
=0.5
Resistance Factors to Value Site Characterization Ding, Loehr, Abu El-Ela and Bowders
377
reliability at more variable sites.
x The percentages of under reliable designs are relatively independent of design models (spread 
footing on rock and spread footing on soils). 
x Greater percentages of designs achieve the target reliability at the rock site than for soil sites 
with the same quantity of measurements when adopting the calibrated resistance factors for 
spread footing design at same target probability of failure.
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